The monarch butterfly in North America has suffered a serious population decline since the mid-1990s. The introduction and widespread use of neonicotinoid insecticides during the same time period has been suggested as a potential driver of this decline but no studies have looked at the impact of these insecticides on adult monarchs. A brief laboratory study assessed the impact of Imidacloprid, the most commonly used neonicotinoid, on western monarch butterfly longevity and oogenesis. Imidacloprid at 23.5 ppb, a field-realistic rate reported from wild nectar and pollen, was fed ad libitum to newly-eclosed monarchs in a sugar-based diet for 22 days. Treated monarchs showed reduced longevity, suffering 78.8% mortality by day 22, compared to 20% in untreated monarchs. Prior to death, butterflies exhibited signs of poisoning including uncoordinated flapping of wings and uncontrolled vibrating of wings and body. Imidacloprid did not reduce egg production. Shortened adult longevity has serious consequences for monarch population development, migration and overwintering. The potential widespread impact of imidacloprid-contaminated crop and wild flower nectar, may be a significant driver of monarch population decline. More research on the impact of neonicotinoid insecticides on the monarch and other butterflies should be viewed as a serious priority.
Introduction
The monarch butterfly, Danaus plexippus L., has suffered serious population decline in the eastern and western United States since the mid-1990s [1] [2] [3] [4] [5] [6] . The causes of this decline are unclear but probably include multiple factors [7, 8] . Larvae of monarchs feed only on milkweed (Asclepias spp.) which have been adversely impacted by the introduction, since the mid-1990s, of herbicide-resistant crops throughout much of the monarch's North American range. Large areas of cropland where milkweeds survived are now largely milkweed-free, restricting monarch breeding [9] [10] [11] . The famed migration of monarchs [12] from northern tiers of North America to overwintering sites in central Mexico [13] and coastal California [14] may have also suffered from increased mortality during the migration [15] . Migrating monarchs need abundant nectar resources to fuel the migration and fall nectar resources may have declined during the past 25 years due to agricultural and urban development along migration routes and climate changes [16] [17] [18] [19] . Another substantial change to the landscape since the mid-1990s has been the introduction, widespread use and environmental contamination by neonicotinoid insecticides [20] .
Neonicotinoid insecticides have become the most widely used pesticides in the world [21] . Their success is partly due to their systemic nature which allows them to be applied in a variety of ways including seed dressings, soil drenches, tree injections and foliar sprays. After application the chemical moves throughout the plant tissues protecting the entire plant from insect pests. Neonicotinoids also have relatively low mammalian toxicity making them safer to use than the previously used organophosphate insecticides [21] . The first neonicotinoid insecticide, imidacloprid, was launched in 1991 and was the most widely used agrochemical in the world [21, 22] , until its ban in February 2018 by all member countries of the European Union [23] . Unfortunately, the impact of neonicotinoids extends beyond crop plants and target pests, bringing their use in agriculture and home gardens into question. Some early work indicated safety of neonicotinoids to beneficial arthropods [24, 25] , but overwhelmingly, adverse impacts on a wide range of beneficial insects including pollinators, have been reported [26] . To date, the majority of studies on the impact of neonicotinoids on non-target species have focused on honeybees and some bumblebee species. Neonicotinoid toxicity ranges from very low to very high in bees [27, 28] . In addition, field-realistic concentrations of neonicotinoids have been reported to have substantial sub-lethal effects on bees including reduced ovary development [29] , reduced reproductive success [30] , impaired foraging [31, 32] , impaired avoidance of predators [32] , impaired navigation [33] and reductions in learning and memory [34] . Sub-lethal effects may have substantial impacts on pollinator population level parameters [35] and neonicotinoids have been implicated in the global decline of pollinators [36] . Neonicotinoid-induced impairment of flight behavior and migratory ability have been described recently in a locust and a songbird [37, 38] . Direct and indirect effects of neonicotinoids on non-target vertebrates have also been reported from rats, mice, rabbits, birds, frogs, fish, reptiles and deer [39, 40] . Some recent studies reported that human prenatal and adult exposures to neonicotinoids are linked with Autism Spectrum Disorder, heart defects and neurological symptoms [20] .
Exposure of pollinators to neonicotinoids may occur in a variety of ways. Some may be exposed to neonicotinoids applied as foliar sprays, although to protect bees there are restrictions on the use of some neonicotinoids at crop flowering [41] . Non-target arthropods may also be exposed to neonicotinoids as they forage on non-crop plants growing near agricultural areas [42, 43] . Contamination of non-crop plants can occur from the dust produced during the drilling of treated seeds, which drifts onto surrounding vegetation [42, 44] . The most likely route of pollinator exposure is uptake by the plant and dissemination through nectar and pollen [45] . In addition to crop flowers being contaminated with neonicotinoids, the mobility of these compounds in soil and water [28, 41, 46] means that residues can also be found in non-target plants at varying distances from crops [43, 45] . Surveys of streams in agricultural and urban areas in the US have found that neonicotinoid residues are widespread in surface waters [47] [48] [49] and they have also been found in snow and spring meltwater in Canadian prairie wetlands [26] . Neonicotinoid insecticide residues in crop nectar and pollen differ considerably according to the amount applied to crops and landscapes as well as the method of application. Seed treatments result in relatively low levels, usually less than 10 ppb. Residues in pollen and nectar from crops treated with foliar applications, range from 10-100 ppb [50] . The greatest neonicotinoid residues (1000-4500 ppb) are found in nectar and pollen from landscape trees and plants treated with soil drenches [50] . Another less-researched but likely source of high levels of neonicotinoid contamination of honey and nectar, are home garden plants [51] which may receive application rates >40 times greater than used in agricultural systems. Garden plants propagated in nurseries receive even higher rates of application and may contain neonicotinoid residues in nectar and pollen of up to 45,000 ppb [50] .
Studies on the impacts of neonicotinoids on butterflies are limited [52, 53] , despite two recent studies showing associations between butterfly population declines in Great Britain and California and the increase in use of neonicotinoid insecticides [54, 55] . The few studies that have looked at the sublethal impact of neonicotinoids on butterflies have focused on the effects of acute exposure on larvae. Exposure of larvae of two British butterflies, the Large White (Pieris brassicae (L.)) and the Common Blue (Polyommatus icarus (Rottemburg)) to field-realistic levels of neonicotinoids during development, resulted in negative impacts. In P. brassicae, imidacloprid at 1-200 ppb significantly reduced pupal duration and the size of adult butterflies [56] , while in P. icarus, clothianidin at 15 ppb significantly lengthened early instar development and reduced larval size [57] . The sublethal impact of field-realistic levels of imidacloprid and clothianidin on D. plexippus larvae, was reported by Pecenka and Lundgren [58] and Krischik et al. [50] . Clothianidin at levels of 0.5-5.0 ppb reduced weight and body length of first instar larvae. It also increased the period spent as first instar larvae and levels of 15.63 ppb resulted in 50% mortality of this instar [58] . Krischick et al. [50] also showed imidacloprid at 15 ppb significantly reduced survival of early instar larvae of D. plexippus with few surviving more than seven days. In contrast, the survival of adult D. plexippus and painted lady (Vanessa cardui (L.)) butterflies was not reduced when fed on imidacloprid-treated syrup or flowers at levels from 15-10,400 ppb. Fecundity and egg hatch rates in D. plexippus and V. cardui were similarly not affected by feeding on imidacloprid-treated syrup and flowers [50] .
The paucity of data on the effect of neonicotinoids on adult butterflies including monarchs together with the current concern over the declining population of monarch butterflies especially in the western United States [6, 8] , prompted this brief laboratory study on the impact of a imidacloprid-contaminated diet on longevity and egg production in western monarch butterflies.
Materials and Methods
Monarch butterflies used in this study were reared from eggs obtained by caging a wild-caught female with potted Showy Milkweed (Asclepias speciosa Torr.) at 28 • C under constant illumination. The female was obtained from a monarch/milkweed habitat near Paterson, Washington in August 2018. Sixty eggs were obtained over two days and the larvae reared on potted and cut A. speciosa in muslin cages held under the same conditions. The milkweed plants used in this study were obtained from an isolated home garden not subject to insecticide sprays, drift or run-off. Thus, it is unlikely larvae fed on these plants were contaminated with neonicotinoid insecticide. Forty adult butterflies (20 males, 20 females) eclosed during 25 September-1 October 2018 and were used in the experiment. On the day of eclosion butterflies were weighed (mg, Sartorius Ultra Micro Balance 4504 MP8), measured (mm, forewing) using calipers, and tested (by pressing clear adhesive tape (1.30 cm 2 ) on the abdomen) for presence of the protozoan parasite, Ophryocystis elektroscirrha (OE) [59, 60] . Tape samples were examined for OE at 63× magnification. Eleven males and eleven females were randomly assigned as the treatment group with the remaining nine males and nine females serving as the untreated or control group. All butterflies were marked with a unique coded adhesive tag to enable individual identification. Treated and untreated groups were held together in two muslin cages (60 × 35 × 35 cm) and stored at 28 • C under constant illumination for 22 days. The diet of both groups of butterflies was based on 5% sugar solution (made from granulated sugar), pure, or containing imidacloprid. Butterflies had ad libitum access to the sugar solution which was absorbed on four cotton wool feeding stations attached to all sides of the holding cage. Feeding stations were renewed daily. Butterflies were active in the cages, fed frequently at the feeding stations and received no other source of nourishment.
A commercial neonicotinoid concentrate formulation (Fruit, Citrus & Vegetable Insect Control, Bioadvanced, SBM Life Science Corp, Cary, NC, USA) containing 0.235% (2,350,000 ppb) imidacloprid was used to prepare the treated sugar diet. A treatment rate of 23.5 ppb was prepared by serial dilution with distilled water containing 5% sugar. This rate is a field-realistic level for imidacloprid and other neonicotinoids within the range reported in crop and wildflower nectar and pollen [43, 45, 50, 56, 57 ].
Longevity
Butterfly health and mortality was recorded daily in each group.
Oocyte Development
The effect of imidacloprid on oocyte development in D. plexippus was assessed by examining ovaries of 4-11 females from the untreated and treated groups at 12 and 22 days post-eclosion. Butterflies were removed from cages and placed in a freezer until dissection under a stereomicroscope.
The abdomen of each female was opened ventrally under water and the paired ovaries were dissected out. Mature oocytes (chorionated) and immature oocytes (unchorionated) were counted.
Data Analysis
Students t tests were used to separate means for wet weights, forewing lengths and oocyte production.
Results
No evidence of OE was seen among the butterflies used in this experiment. Forewing lengths and wet weights at eclosion did not differ between treatments or sex except for a significantly lower mean weight of treated females vs. treated males (t test: t = 2.090, p = 0.049, 20 df) ( Table 1 ). Forewing lengths of butterflies at 12 and 22 days post-eclosion did not differ between sex or treatment. After 12 days, wet weights of untreated and treated females and untreated males were comparable to their respective weights at eclosion. In contrast, treated males weighed significantly less after 12 days (t test: t = 3.383, p = 0.015, df 6) ( Table 1) . After 22 days, wet weights of untreated females were greater than at eclosion and day 12 but not significantly so. Insufficient numbers of treated individuals at day 22 prevented collection of wet weight data. Monarch butterflies fed a sugar diet containing 23.5 ppb had substantially shorter longevity than those fed on a non-contaminated sugar diet. By day 22, only 3/14 individuals (21.4%) in the treated group were still alive compared to 8/10 (80%) in the untreated group. Mortalities in the treated group were recorded on days 12, 18, 20 and 22. In contrast, no mortalities occurred in the untreated group until day 22 (Figure 1 ). Butterflies in the treated group showed ill effects as early as day 12 when uncoordinated flapping of wings and uncontrolled vibrating of body and wings was recorded. These individuals were incapable of flight. Typically, these ill-effects lasted for 24-48 h before the butterfly died. None of these ill-effects were seen in untreated butterflies.
There was no difference in immature, mature or total oocyte production between treated and untreated female monarchs at 12 or 22 days ( Table 2) . Oocyte development was similar in treated and untreated females at 12 and 22 days post-eclosion with a mean of 102-115.5 oocytes/female at 12 days (t test: t = −0.614, p = 0.562, df 6) and 105.5-131.6/female at 22 days (t test: t = 1.092, p = 0.325, df 5) ( Table 2 ). 
Discussion
This brief and simple laboratory study while limited in scope and replication, indicates that the neonicotinoid, imidacloprid, incorporated in a sugar diet at a level within the range of concentrations reported from wild nectar, has a profound impact on the survival of adult monarch butterflies within a short period of time. Some mortality of treated monarchs occurred after 12 days and increased steadily, killing almost 80% of butterflies by day 22. Prior to death, treated monarchs displayed characteristic uncontrolled vibrating, trembling and flapping of wings, similar to neonicotinoid poisoning in honeybees [61] . Egg production by female monarchs was not affected by imidacloprid but clearly lifetime fecundity will be affected if females have shortened lives. Reproductive monarchs typically live for 4-6 weeks [12] . The level of imidacloprid chosen for incorporation in a sugar diet in this study (23.5 ppb) is at the lower end of the range of neonicotinoid levels found in the nectar of treated crops (10-100 ppb, [50] ). The potential for exposure of nectar-foraging monarchs to much higher levels of neonicotinoids (up to 45,000 ppb) is great especially for those foraging on trees, bushes and ornamental plants in urban landscapes [50, 62] . However, under natural conditions monarchs may not feed on contaminated nectar at every feeding as they were forced to in this study. Any reduction of adult longevity will have serious consequences for both breeding and non-breeding populations of monarchs. Reproductive females in spring-summer will lay fewer eggs over a shortened life-span, reducing population growth. Non-reproductive monarchs migrate in the fall and 37.0 ± 9.0 68.5 ± 22.5 105.5 ± 31.5 (2) t = −1.092, 5 df, p = 0.325
This brief and simple laboratory study while limited in scope and replication, indicates that the neonicotinoid, imidacloprid, incorporated in a sugar diet at a level within the range of concentrations reported from wild nectar, has a profound impact on the survival of adult monarch butterflies within a short period of time. Some mortality of treated monarchs occurred after 12 days and increased steadily, killing almost 80% of butterflies by day 22. Prior to death, treated monarchs displayed characteristic uncontrolled vibrating, trembling and flapping of wings, similar to neonicotinoid poisoning in honeybees [61] . Egg production by female monarchs was not affected by imidacloprid but clearly lifetime fecundity will be affected if females have shortened lives. Reproductive monarchs typically live for 4-6 weeks [12] . The level of imidacloprid chosen for incorporation in a sugar diet in this study (23.5 ppb) is at the lower end of the range of neonicotinoid levels found in the nectar of treated crops (10-100 ppb, [50] ). The potential for exposure of nectar-foraging monarchs to much higher levels of neonicotinoids (up to 45,000 ppb) is great especially for those foraging on trees, bushes and ornamental plants in urban landscapes [50, 62] . However, under natural conditions monarchs may not feed on contaminated nectar at every feeding as they were forced to in this study. Any reduction of adult longevity will have serious consequences for both breeding and non-breeding populations of monarchs. Reproductive females in spring-summer will lay fewer eggs over a shortened life-span, reducing population growth. Non-reproductive monarchs migrate in the fall and have an adult life span of 6-9 months [14] , which is necessary to ensure successful overwintering and initiation of reproductive activity in spring. Nectar-borne imidacloprid consumed during migration or overwintering may result in monarchs not surviving the overwintering period.
Studies on the impact of neonicotinoids on butterflies are very limited compared to research on honeybees [52, 53] . Only four studies have looked at neonicotinoids and butterfly species and three of these focused on larvae [56] [57] [58] . Only one study [50] looked at the impact of an imidacloprid-treated syrup-diet on adult butterflies. In this study, imidacloprid/syrup force-fed at 15 and 30 ppb, had no effect on the survival or fecundity of monarch and painted lady (Vanessa cardui L.) butterflies. In addition, free-ranging monarchs and painted ladies in small (60 × 60 × 120 cm) mesh cages that were allowed to feed on tropical milkweed (Asclepias currassavica L.) flowers containing 6030 ppb or 10,400 ppb, also showed no difference in survival and fecundity from non-exposed butterflies [50] . However, the authors of this study noted that monarchs may not have been able to forage adequately in these small cages. Uncontaminated 30% honey water sponges were also supplied as food in case nectar was limited in the heat of the day. It is possible that monarchs in these small cages may have fed less on the neonicotinoid-contaminated flowers than on the honey-water sponges. In contrast, the current study, which allowed no diet choice, showed a substantial negative impact of imidacloprid at 23.5 ppb incorporated in a sugar diet, on the survival of monarch butterflies. The current study used a liquid formulation of imidacloprid while Krischick et al. [50] used a granular formulation, a difference which may also have modified the impact of the compound on adult monarchs in the two studies.
Clearly, more work needs to be done on assessing the impact of nectar-borne neonicotinoids on butterfly and particularly monarch butterfly survival. This study highlights the likelihood that these ubiquitous insecticides are having a deleterious impact on butterfly populations. The nature of this impact requires more research on more butterfly species. While this study suggests that monarchs feeding on neonicotinoid-contaminated nectar have reduced longevity, this may not be the only impact. Although egg production appeared to be unaffected by exposure to imidacloprid, we do not know whether the viability of eggs and resultant larvae is unaffected. Mating behavior could also be affected as recently shown in a parasitic wasp species [63] . The monarch butterfly depends on continental-scale fall migration to escape from winter climates in mid-high latitudes and recolonization of these areas the following spring [14] . Monarch migration is powered by feeding on a wide range of flower nectar in natural, agricultural and urban landscapes, some of which is likely to be contaminated with neonicotinoid residues. Could the migratory ability of monarchs be affected by these residues? Neonicotinoid-mediated impairment of foraging behavior has been reported for bumblebees [32, 64, 65] . Flight behavior of locusts (Locusta migratoria L.) is impaired by imidacloprid [37] and the migration of a songbird is also impaired by this compound [38] . The possible impact of sub-lethal nectar-borne neonicotinoids on monarch migration should be investigated as a matter of urgency. The monarch may be exposed to neonicotinoids in two of four developmental stages (larvae and adults), thus sub-lethal effects may be additive. Neonicotinoid-exposed monarch larvae show developmental problems [58] , which may exacerbate neonicotinoid-mediated reduction in adult longevity.
The serious declines in western and eastern US monarch populations recorded over the past two decades likely have a multifactorial cause [7] . The widespread and increased use of neonicotinoids and other insecticides is just one part of a complex situation. However, the increasing body of knowledge on the subtle yet chronic impacts of neonicotinoids on invertebrates and vertebrates, suggests that insecticides may be a significant driver of monarch butterfly decline. If monarchs are being impacted by neonicotinoids, then undoubtedly other butterfly species are also being affected, which may explain the large-scale decline of butterflies reported in the United Kingdom [54] and California [55] . Monitoring butterfly populations over the next 5-10 years in the United Kingdom and Europe, where the use of neonicotinoid insecticides has recently been banned [23] , may provide field evidence for the adverse effects of this class of pesticides on butterfly populations.
Conclusions
Newly-eclosed monarch butterflies fed ad libitum a sugar solution containing 23.5 ppb of the neonicotinoid insecticide, imidacloprid, which is within the range of neonicotinoid concentrations found in nectar, had reduced longevity, suffering 78.8% mortality 22 days post-eclosion, compared to 20% mortality in butterflies fed sugar-only. Butterflies fed on the imidacloprid-laced diet invariably took 2-3 days to die following ill-effects manifested as uncoordinated flapping of wings and uncontrolled vibrating of wings and body. Imidacloprid did not have a direct impact on egg production in treated monarchs, although fecundity of these monarchs would be reduced by virtue of reduced longevity. Shortened adult longevity has serious consequences for monarch population development, migration and overwintering and the potential widespread impact of imidacloprid-contaminated crop and wild flower nectar, may be a significant driver of monarch population decline. More research on the impact of neonicotinoid insecticides on the biology and ecology of monarch and other butterflies should be viewed as a serious priority Funding: This research received no external funding.
